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I. INTRODUCTION
Infrared ͑IR͒ spectroscopy is a time-honored technique that can provide valuable structural information of various chemical and biological systems with high time resolution. 1, 2 The unique value of IR spectroscopy becomes more transparent with the rapid development of various multidimensional techniques in recent years. [3] [4] [5] [6] [7] For condensed phase applications, however, the interpretation of IR spectra is not always straightforward, which highlights the importance of developing effective computational techniques that can compute linear and nonlinear IR spectra in complex molecular systems.
An interesting example concerns the application of IR spectroscopy to characterize the protonation state of water clusters in enzyme active sites. Although water molecules are well known to transiently facilitate proton transfers in many different settings, recent Fourier-transform infrared studies found evidence for the existence of long-lived protonated water cluster as the "proton storage site" in bacteriorhodopsin; 8, 9 the interpretation seems to be supported by computational studies. 9, 10 Recent simulation study of Xu et al. also raised a similar possibility in cytochrome c oxidase. 11 To thoroughly examine these proposals, it is im-perative to be able to compute reliable IR spectra for water clusters in different protonation states in a biomolecular environment.
As widely recognized, there are at least two different approaches for calculating the IR spectrum. 12 One is based on normal mode analysis ͑NMA͒, 13 with either a quantum mechanical ͑QM͒, 14 an empirical molecular mechanical ͑MM͒, 15 or a QM/MM ͑Ref. 16͒ potential function; to consider the effect of thermal fluctuation, it is possible to average the computed IR spectra over a large number of configurations sampled from equilibrium molecular dynamics simulations. Alternatively, a more systematic approach regarding averaging over different conformers and anharmonic motions within the framework of classical mechanics is to compute the IR spectrum by the Fourier transform of the dipole autocorrelation ͑FT-DAC͒ function: [17] [18] [19] 
In this framework, the absorption coefficient is given by
where V is the sample volume, c is the speed of light, and n͑͒Ӎ1 is the refractive index of the medium. Here a quantum correction ͑Q QC ͒ is included to approximately take quantum effects on the nuclear motion into account ͑see, e.g., a͒ Electronic mail: haibo@chem.wisc.edu. b͒ Ref. 20 and references therein͒, which is much less computationally intensive than more rigorous quantum mechanical or semi-classical treatments. [21] [22] [23] Various quantum correction factors [23] [24] [25] Q QC have been proposed in the literature, and Ramirez et al. 20 have shown that the most effective correction for computing the IR intensity of floppy molecules with large anharmonicities is the so-called harmonic correction:
which satisfy both detailed balance and the fluctuationdissipation theorem. With this correction, the theoretical absorption coefficient for the power spectrum is simplified,
͑4͒
Compared to the NMA based approach, the FT-DAC approach naturally includes the effects of anharmonicity and molecular motion and therefore is more preferable for condensed phase applications. However, to obtain a converged dipole correlation function, extensive molecular dynamics ͑MD͒ simulations are required, which puts constraints on the level of QM method in biomolecular applications. Our plan is to employ the self-consistent-charge densityfunctional tight-binding ͑SCC-DFTB͒ method 26 in a QM/MM framework 27 for interpreting the IR spectra of water clusters in several proton pump systems such as bacteriorhodopsin and cytochrome c oxidase. The computational efficiency of SCC-DFTB makes it, in principle, an attractive choice in this context and complementary to calculations based on much more expensive QM methods that might suffer from convergence issues. 10 Although previous studies based on NMA indicate that SCC-DFTB overall gives favorable vibrational frequencies among semiempirical methods, 28, 29 whether it is capable of capturing the spectroscopic signatures of various water clusters remains unknown. In this study, we carry out SCC-DFTB calculations for the IR spectra of various protonated water clusters in the gas phase and compare the results to experimental spectra, which only became available very recently. [30] [31] [32] [33] [34] [35] [36] [37] The experimental spectra exhibit different signatures for protonated water clusters of different sizes as well as for their neutral counterparts. Therefore, these characteristic signatures can be used to probe the possible existence and structure of a ͑protonated/ neutral͒ water network in the active site of enzymes. [8] [9] [10] 
II. COMPUTATIONAL METHODS
In this section, we outline the technical details for the IR spectrum calculations. In the calculation for each cluster, the entire system is treated quantum mechanically with the original parametrization of the SCC-DFTB approach by Elstner et al.. In the NMA based approach, the vibrational analyses are based on the Hessian generated by finite difference of the forces and test calculations show excellent agreement with those based on the analytical Hessian developed by Witek et al. 38 The IR intensity for each mode is then calculated by projecting the molecular dipole derivative onto the corresponding eigenvector ͓see, for example, Eq. ͑22͒ in Ref. 16͔.
For the time correlation based approach, the simulation protocol includes a 5 -10 ps constant temperature equilibrium simulation with the Berendsen weak-coupling algorithm with a coupling constant of 0.2 ps ͑Ref. 39͒ and a production run, sampling the micro-canonical ensemble, of 100 ps for the small clusters ͓H + ͑H 2 O͒ n ͑n = 2 -10͔͒ and 50 ps for the "magic" protonated H + ͑H 2 O͒ 21 cluster. In the experimental studies, 31, [34] [35] [36] the exact temperatures of the water clusters are either unknown or uncertain. It is estimated that the temperature is in the range of 170± 20 K for the magic protonated water clusters. 30, 34, [40] [41] [42] Thus in the current work, we have simulated the cluster H + ͑H 2 O͒ 21 at 100, 125, 150, 175, and 200 K for comparison. To properly sample the high frequency vibrational modes in the system, the time step of integration is set to 0.5 fs, although a shorter time step of 0.2 fs is also tested ͓see EPAPS ͑Ref. 43͔͒. No constraint has been applied to any bond. The coordinates are saved after each step for analysis; in addition, the Mulliken charges are also saved at each step, from which the dipole moment of the system is calculated,
where q i is the Mulliken charge of atom i and r i the coordinates. The infrared spectrum is then calculated with Eqs. ͑1͒ and ͑4͒ from FT-DAC function using a fast Fourier transform with a Blackman filter to minimize noise. 44 In all the Fouriertransform analysis, 8192 points in the time correlation function are included, which results in a frequency resolution of about 8 cm −1 in the power spectrum. For charged systems, the values of the dipole moment as well as its autocorrelation function depend on the choice of the coordinate system. However, since we are interested in the relatively high frequency region ͑above 1000 cm −1 ͒ of the spectrum, the choice of the coordinate system has negligible effects.
In several cases, the Fourier transform of the velocity autocorrelation ͑FT-VAC͒ function of the nucleus is also computed. The velocity is recorded every step ͑at 0.5 fs in-terval͒ and no quantum mechanical correction has been applied to the intensities obtained from the Fourier transformation. As pointed out in Ref. 40 , FT-DAC is more appropriate for computing IR spectrum due to the natural incorporation of the relevant selection rule, while FT-VAC is expected to be similar to a deep inelastic neutron scattering measurement. In FT-VAC, notable intensity at a certain frequency indicates the existence of a vibrational state, which may involve motions that do not exhibit a change in the dipole moment and hence not being IR active. Nevertheless, FT-VAC generally converges much faster than FT-DAC and FT-VAC is useful for analyzing the motional characters of vibrational modes.
In addition to comparing the calculated spectra to experimental data, the SCC-DFTB results are also compared to B3LYP/ 6-31+ G͑d , p͒ calculations since the latter generally give satisfactory results in previous studies of water clusters. 40, 41 First, vibrational spectra based on normal mode analysis at the SCC-DFTB and B3LYP levels are compared for neutral and protonated water dimers. Next, for the H + ͑H 2 O͒ 2 and H + ͑H 2 O͒ 4 clusters, which are reminiscent of the Zundel and Eigen forms of the solvated proton in solution, [45] [46] [47] the norm, as well as the components of the dipole moments, is compared at the SCC-DFTB and B3LYP levels; the spectra based on the Fourier transform of the corresponding dipole moment autocorrelation functions are also compared for H + ͑H 2 O͒ 2 .
All SCC-DFTB calculations are carried out with a modified version of CHARMM C32A2. 48 The B3LYP calculations are performed with GAUSSIAN 03. 49
III. RESULTS
In this section, we first compare SCC-DFTB and B3LYP/ 6-31+ G͑d , p͒ results for normal mode frequencies and dipole moments. Then, we compare the IR spectra calculated at the SCC-DFTB level with experimental data for various small protonated water clusters. Finally, we examine the IR spectrum for a large protonated water cluster with a magic number ͑n = 21͒ of water molecules. Since the vibrational properties of these clusters have been studied computationally in previous work, [40] [41] [42] we only describe the spectral features briefly and focus the discussions mainly on the reliability of the SCC-DFTB results.
A. Normal mode analysis with SCC-DFTB and B3LYP
First the normal mode frequencies at the SCC-DFTB and B3LYP/ 6-31+ G͑d , p͒ levels are compared for both neutral water clusters ͑Table I͒ and protonated water clusters ͑Table II͒; available experimental data are also shown for comparison. Generally speaking, SCC-DFTB agrees fairly well with B3LYP for the OH stretching vibrational frequencies and those related to the hydrated excess proton; in some cases, however, we note that large differences on the order of 200-400 cm −1 are also present ͑e.g., H 3 O + symmetric stretch for protonated water trimer, see Table II͒ . For the neutral water clusters, since the global minima for the clusters from trimer to pentamer are all cyclic, the waters are arranged symmetrically in the clusters leading to a distinction between hydrogen-bonded O-H and free dangling O-H. As the size of the water cluster increases from 2 to 5, the hydrogen-bonded OH stretch becomes lower in frequency while the free dangling OH stretching frequency remains nearly constant at both SCC-DFTB and B3LYP levels, as FIG measured by experiments. For the protonated water clusters, additionally there are vibrations corresponding to the excess protons, e.g., 1264 cm −1 ͑at the SCC-DFTB level͒ for the Zundel-like structure in protonated dimer, and 2768, 2818, and 2833 cm −1 for the Eigen-like structure in H + ͑H 2 O͒ 4 . However, due to lack of proper sampling over different conformers at the finite temperature in these NMA calculations, a direct comparison with the experimental data is difficult ͑see below͒.
B. Dipole moments with SCC-DFTB and B3LYP
Recent work by Otte et al. 29 has shown that SCC-DFTB overall reproduces geometric properties very well, so no MD simulations are performed at the B3LYP level. Instead, B3LYP/ 6-31+ G͑d , p͒ single point calculations are carried out for the snapshots harvested during SCC-DFTB molecular dynamics simulations at 170 K. As shown in Fig. 1 , both the norm ͓͑a͒ and ͑c͔͒ and the x, y, z components ͓͑b͒ and ͑d͔͒ of the dipole moments agree well at the SCC-DFTB and B3LYP levels. The correlation coefficients are above 0.99 for the norm of the dipole moments ͓͑a͒ and ͑c͔͒ and above 0.98 ͓͑b͒ and ͑d͔͒ for their x, y, z components. The error bar for the norm is about 0.14 D for H + ͑H 2 O͒ 2 and 0.28 D for H + ͑H 2 O͒ 4 .
In Fig. 2 , the IR spectra for H + ͑H 2 O͒ 2 obtained from the dipole autocorrelation function with SCC-DFTB are compared with those with the B3LYP dipole moments. Overall, excellent agreement is found, which is expected given the close agreement in the dipole moments in Fig. 1 . The only exception is that SCC-DFTB slightly underestimates the intensity of the OH stretch in the 3500 cm −1 region. Considering that the computational cost of B3LYP is about 1000 times that of SCC-DFTB, the agreements shown in Figs. 1 and 2 suggest that SCC-DFTB likely holds a favorable balance between accuracy and efficiency in terms of describing the IR spectra of protonated water clusters. 
C. Comparison between water clusters of various sizes
First we compare the IR spectra for the neutral water dimer ͑H 2 O͒ 2 and its protonated counterpart H + ͑H 2 O͒ 2 at 170 K ͑Fig. 3͒. Three distinguished sets of peaks are observed in the neutral water spectrum with both FT-DAC and FT-VAC. They can be easily assigned to the bending mode at ϳ 1530 cm −1 , the symmetric OH stretching centered at 3600 cm −1 , and the asymmetric OH stretching centered at 3910 cm −1 , which are consistent with the experimental [50] [51] [52] and the previous theoretical 53 spectra. For larger neutral water clusters, the general patterns are very similar to the dimer case ͑data not shown͒, which all lack any pronounced spectral signature in the range of 1600-3200 cm −1 . By contrast, a rich band of signatures is found in this region for the protonated water dimer ͓Fig. 3͑b͔͒. The normal mode analysis shows that, at the SCC-DFTB level, the proton oscillation in the Zundel structure of H + ͑H 2 O͒ 2 is at 1264 cm −1 ͑Table I͒, which also has a pronounced peak in the computed IR spectra in Fig. 3͑b͒ . The peaks around 700-1900 cm −1 correspond to the out-of-phase bending vibrations of the flanking water molecules. 37, 54, 55 For the protonated water clusters, the OH stretching peaks have a lower intensity in the FT-DAC spectrum compared to the FT-VAC spectrum, which has also been observed by Iyengar et al. 40, 42 The FT-VAC spectra show a peak around 1450 cm −1 , which is also present in NMA with a relatively low intensity. The component FT-VAC analyses indicate that this peak is mainly due to the oscillation of the shared proton perpendicular to the O-O axis. However, this band is nearly absent in both the FT-DAC and experimental spectra, 36, 37, 54, 55 indicating that the corresponding mode does not significantly change the dipole moment, i.e., not IR active.
In Fig. 4 the IR spectra of the protonated water clusters H + ͑H 2 O͒ n ͑n =2-9͒ at 170 K are shown. The three characteristic spectral signatures for the neutral water clusters are also present in many spectra, i.e., the bending mode at ϳ1500 cm −1 and the free OH vibrational stretching at ϳ3600 and ϳ3900 cm −1 . Consistent with the experimental spectrum of H + ͑H 2 O͒ 4 , a broad peak is present around 2900 cm −1 , which matches the symmetric and asymmetric stretchings of the OH in the Eigen-core structure. The average distances between the central O and the three coordinated protons along the trajectory are about 1.02 Å ͑isotropically fluctuating between 0.94 and 1.17 Å͒ at 170 K, which is smaller than the value of 1.21 Å ͑fluctuating between 1.07 and 1.38 Å͒ in the Zundel-like structure of H + ͑H 2 O͒ 2 . This type of broad spectral signature is persistent in those Eigen-core-like structures ͑i.e., ϳ2000 cm −1 for n = 3 and ϳ1800 cm −1 for n =5͒. For n = 6 -8, by contrast, the signatures for the Zundel-like structure of ϳ1250 cm −1 , which correspond to the oscillation of the shared proton in a Zundel ion, are present, most notably for n =6 ͑see Fig. 5͒ . In addition, a pronounced peak in the spectra is seen at ϳ1750 cm −1 , which corresponds to the bending mode in the Zundel ion, as suggested by the experimental study 36 and Car-Parrinello MD ͑CPMD͒ simulations. 56 FIG. 3. The IR spectra of the ͑a͒ neutral and ͑b͒ protonated water dimers at 170 K obtained with the dipole autocorrelation function and the velocity autocorrelation function.
FIG . 4 . The IR spectra of the protonated water clusters H + ͑H 2 O͒ n ͑n =2-9͒ at 170 K. The intensities are normalized to have the maximal intensity in the range of 0 -4000 cm −1 to be 1.
FIG . 5 . The IR spectra of the protonated water clusters H + ͑H 2 O͒ n ͑n =6-8͒ at 170 K. The intensities are normalized to have the maximal intensity in the range of 0 -4000 cm −1 to be 1.
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D. Magic protonated water clusters
Recent theoretical [40] [41] [42] and experimental 34, 35 studies shed additional insights into the structure, dynamics, and vibrational spectrum of the hydrated proton in the magic 21-water cluster ͓H + ͑H 2 O͒ 21 ͔, in which the dangling OH stretching modes collapse into a single spectral feature. This also provides a stringent benchmark for the SCC-DFTB approach. In Fig. 6 , the IR spectra of protonated 21-water clusters obtained from SCC-DFTB FT-DAC ͑at 100 K͒ are compared with SCC-DFTB NMA. Figure 7 shows the IR spectra at five temperatures ͑100, 125, 150, 175, and 200 K͒ and of the neutral 21-water cluster at 150 K. Generally the spectra of the protonated 21-water cluster are very similar at the five different temperatures. The most interesting region is around 2000-3000 cm −1 , since for smaller protonated water clusters, this region contains spectral signatures for the hydrated excess proton. For the protonated 21-water clusters, however, this region completely lacks any significant intensity the FT-DAC based spectra, consistent with previous theoretical calculations [40] [41] [42] as well as the experimental spectra. 34, 35 Both current study and previous calculations 40, 41 found that significant intensity does appear in this region with normal mode calculations, which is assigned to the OH stretching in ͑H 3 O͒ + ͑Fig. 6͒. Therefore, the non-negligible dynamical effects at the finite temperature ͑even as low as 100 K, when the cluster is expected to be solidlike 41 ͒ "average" out the vibrational intensities in this region due to the sampling of multiple structures. Examination of the calculated IR spectra suggests that the peak at ϳ1750 cm −1 corresponds to the excess proton ͑bending in the Eigen-or Zundel-like structure, in contrast to the water-bending mode at ϳ1500 cm −1 ͒, as seen in the clusters of smaller sizes ͑Fig. 4͒. Singh et al. have also observed this peak in their Car-Parrinello molecular dynamics simulations, though with a slightly weaker intensity. 41 However, Iyengar 42 has attributed the features at ϳ1050 and ϳ1350 cm −1 , which are very weak, to the coupled stretch and bending motions of the excess proton. Unfortunately these regions in IR spectrum have not been measured by experiments; 34, 35 thus it remains a question whether there are additional signatures besides the features at ϳ1750 cm −1 that correspond to the excess proton.
During the simulation, the excess proton is found to prefer to reside on the surface of the cluster, regardless of the initial structure, which is similar to the previous findings. 35, 40, 41 Both Eigen and Zundel states are observed under all the temperatures studied here, as in the previous theoretical studies. 40, 41 By monitoring the distance between the shared proton and the nearest oxygen atom ͓Fig. 8͑a͔͒, it is found that the percentage of the Zundel form increases as the temperature increases ͑but not monotonically͒. This aspect of mixed Eigen-like and Zundel-like states is also seen in Fig. 8͑b͒ , in which the radial distribution functions between the most protonated oxygen atom ͑O * ͒ and all the other oxygen atoms ͑O͒ in the clusters are shown. The inset shows a bimodal distribution between 2.3 and 3.0 Å. The distances between the protonated oxygen atom and the nearest oxygen atoms for H + ͑H 2 O͒ 2 ͑Zundel-like͒ and H + ͑H 2 O͒ 4 ͑Eigen-like͒ optimized with SCC-DFTB are 2.42 and 2.61 Å. Thus this bimodal distribution confirms the presence of both Eigen-like and Zundel-like species in the simulations. A snapshot for each state from the simulation at 100 K is shown in Figs. 8͑c͒ and 8͑d͒, respectively. Compared to previous theoretical studies, the percentile of Zundel-like structures observed in the current study is closer to those observed in Atom-centered Density Matrix Propagation ͑ADMP͒ simulations 40 than those in CPMD simulations. 41 Nevertheless, all these studies demonstrate that the sampling of thermally accessible conformations at finite temperatures is crucial for the proper calculation of IR spectra for protonated water clusters, which we expect to hold true in the biomolecular context as well.
IV. CONCLUSIONS
In present work, we have calculated the infrared spectra for various water clusters at the SCC-DFTB level using both normal mode analysis and dipole autocorrelation functions based on classical molecular dynamics simulations. The 
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nuclear quantum effects on the computed IR intensity are approximated using a simple harmonic quantum correction factor, which was found to be effective in previous analysis for floppy molecules with large anharmonicities. 20 By comparing the results with either B3LYP calculations or available experimental data, it is found that SCC-DFTB successfully captures the key features of the vibrational spectra of these systems, especially the difference between neutral and protonated water clusters and spectral signatures of protonated water clusters of different sizes. The high computational efficiency makes SCC-DFTB a potentially appealing method of choice for investigating the spectral properties of biomolecular systems, especially in the framework of QM/MM simulations. In particular, the current work suggests that SCC-DFTB/MM simulations can be applied to effectively probe the protonation state and structure of water clusters in complex biomolecules, although more explicit comparison to experimental data is required to firmly establish this point. Finally, considering the minimal basis nature of SCC-DFTB, it is unlikely that a direct application of the method is suitable for predicting spectra that are sensitive to the polarizability of the system, such as Raman spectra; however, performing conformational sampling with SCC-DFTB and generating the relevant autocorrelation function with single point calculations at the higher level could be a practical strategy for large molecules.
FIG. 8. ͑a͒ The distribution of the distance between the excess proton and the nearest oxygen atom in the SCC-DFTB simulations of H + ͑H 2 O͒ 21 at different temperatures. ͑b͒ The radial distribution function for the distance between oxygen atom in the protonated water and oxygen atoms in all other water molecules in the cluster at 100 K. The inset shows the signatures of both Zundel and Eigen species. ͑c͒ A Zundel ion obtained during MD simulations at 100 K. The protonated species on the surface is highlighted in black and the nine dangling hydrogens are shown in gray. ͑d͒ An Eigen ion obtained during MD simulations at 100 K. The protonated species on the surface is highlighted in black and the nine dangling hydrogens are shown in gray.
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